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SUMMARY 

V 

433768 
T h i s  r e p o r t  d e s c r i b e s  t h e  work performed from 1 J u l y  1963 t h r u  

30 June 1964, i n  accordance w i t h  M a r s h a l l  Space F l i g h t  Cen te r  
(MSFC) C o n t r a c t  NAS8-5418 fo r  t h e  s t u d y  o f  t h e  mechanics  o f  gey- 
s e r i n g  o f  c r y o g e n i c s .  

The s t u d y  c o n s i s t e d  of  deve lop ing  a method f o r  t h e  p r e d i c t i o n  
o f  g e y s e r i n g  and nongeyser ing combina t ions  o f  sys tem geometry,  
f l u i d  p r o p e r t i e s ,  and h e a t i n g  r a t e .  An e x p e r i m e n t a l  program, 
based on work done by o t h e r s  i n  c o n j u n c t i o n  w i t h  f r e e  c o n v e c t i o n  
c o o l i n g  o f  t u r b i n e  b l a d e s ,  was conducted ,  which r e s u l t e d  i n  a n  
e m p i r i c a l  c o r r e l a t i o n  f o r  t h e  p r e d i c t i o n  o f  g e y s e r i n g .  T h i s  c o r -  
r e l a t i o n  w a s  based on t h e  r e s u l t s  o f  114 geyse r  t es t s  u s i n g  w a t e r ,  
Freon  113, l i q u i d  n i t r o g e n ,  and l i q u i d  hydrogen a s  t es t  f l u i d s .  

Geyser t u b e s  of 4 - ,  6-, 8-, and 13 - in . -d i ame te r  and geyse r  
t u b e s  w i t h  l e n g t h  t o  diameter  r a t i o s  o f  1 .5  t o  30 were i n v e s t i -  
g a t e d .  The h e a t  f l u x  range s t u d i e d  w a s  between 50  and 2100 

B t u / f t  - h r .  
2 

I n  a d d i t i o n ,  a l i m i t e d  e f f o r t  w a s  expended t o  q u a l i t a t i v e l y  
i n v e s t i g a t e  t h e  f e a s i b i l i t y  o f  f o u r  methods of  g e y s e r  s u p p r e s s i o n .  
The f o u r  methods were: 

1) Base h e a t i n g ;  

2 )  H o r i z o n t a l  tube a t  t h e  b a s e  of  t h e  g e y s e r  t u b e ;  

3) Concent ra ted  h e a t  f l u x  on t h e  g e y s e r  t u b e ;  

4) Concen t r i c  tube i n  t h e  g e y s e r  t u b e ,  

The f i r s t  and t h i r d  methods showed no promise as s u p p r e s s i o n  
methods; t h e  second and f o u r t h  methods under  l i m i t e d  
were s u c c e s s f u l  i n  suppres s ing  g e y s e r i n g .  

L 
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I, INTRODUCTION 

1 

The phenomena termed g e y s e r i n g  can  be d e s c r i b e d  as t h e  e x p u l -  
s i o n ,  from a v e r t i c a l  t ube ,  o f  a b o i l i n g  l i q u i d  and i t s  v a p o r .  
Many r o c k e t  v e h i c l e s  u t i l i z e  c r y o g e n i c  f l u i d  as t h e  p r o p e l l a n t .  
The geyse r  problem ar ises  i n  t h e  d e s i g n  o f  p r o p e l l a n t  f e e d  s y s t e m s ,  
which t y p i c a l l y  use  l o n g ,  l a r g e  d i ame te r  t u b e s  t o  connec t  t h e  
p r o p e l l a n t  t ank  t o  t h e  engine.  Because t h e  p r o p e l l a n t s  a re  c r y o -  
g e n i c ,  t h e  atmosphere h e a t s  t h e  p r o p e l l a n t  i n  t h e  f eed  l i n e  d u r i n g  
t h e  t i m e  p e r i o d  f o l l o w i n g  missile f u e l i n g  and b e f o r e  l a u n c h .  I f  
a g e y s e r  o c c u r s  d u r i n g  t h i s  p e r i o d  and the  t u b e  i s  emptied o f  
l i q u i d ,  the r e f i l l i n g  l i q u i d  c a n  c a u s e  i m p a c t  l o a d s  a t  the bottom 
o f  t h e  t u b e  h i g h  enough t o  s e r i o u s l y  damage t h e  v e h i c l e .  I n  ad-  
d i t i o n ,  i f  t h e  f eed  l i n e  i s  damaged, t h e  p r o p e l l a n t  i n  t h e  m i s s i l e  
t a n k  w i l l  d r a i n  o u t  c r e a t i n g  a s a f e t y  h a z a r d  th roughou t  t h e  l aunch  
area.  

I f  s u f f i c i e n t  i n fo rma t ion  conce rn ing  t h e  f a c t o r s  t h a t  produce 
g e y s e r i n g  were a v a i l a b l e  du r ing  t h e  i n i t i a l  d e s i g n  o f  t h e  p r o p e l -  
l a n t  f e e d  system, t h e  geyser problem cou ld  p o s s i b l y  be e l i m i n a t e d  
by a p p r o p r i a t e  d e s i g n ,  The p r imary  o b j e c t i v e  o f  t h i s  s t u d y  w a s  
t h e  i n v e s t i g a t i o n  o f  t h e  g e o m e t r i c a l ,  t h e r m a l ,  and f l u i d  p r o p e r t i e s  
of  a system tha t  cause  g e y s e r i n g ,  I n  a d d i t i o n ,  several p o s s i b l e  
methods o f  g e y s e r  s u p p r e s s i o n  were q u a l i t a t i v e l y  i n v e s t i g a t e d .  
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11, TECHNICAL DISCUSSION 

2 

When a long  v e r t i c a l  tube c o n t a i n i n g  a r e s e r v o i r  a t  t h e  top  
and c l o s e d  a t  t h e  bottom i s  f i l l e d  w i t h  l i q u i d  and h e a t e d  a l o n g  
t h e  tube  w a l l ,  t h e  h e a t  w i l l  be  t r a n s f e r r e d  t o  t h e  l i q u i d  s u r f a c e  
by means o f  f r e e  convec t ion .  Th i s  c o n v e c t i o n  p r o c e s s  e s t a b l i s h e s  
f l u i d  c i r c u l a t i o n  w i t h i n  the t u b e  by which h e a t e d  f l u i d  r ises  and 
c o o l  f l u i d  from t h e  r e s e r v o i r  descends  down t h e  t u b e .  A p o r t i o n  
o f  t h e  h e a t  e n t e r i n g  a t  the t u b e  w a l l  w i l l  be l i b e r a t e d  a t  t h e  
l i q u i d  s u r f a c e  i n  t h e  r e s e r v o i r  by e v a p o r a t i o n  and t h e  remainder  
w i l l  r e s u l t  i n  an  e n t h a l p y  g a i n  i n  t h e  l i q u i d .  T h i s  e n t h a l p y  g a i n  
causes  a n  i n c r e a s e  i n  the f l u i d  bu lk  t empera tu re .  

A s  t h e  h e a t i n g  p r o c e s s  c o n t i n u e s ,  t h e  f l u i d  b u l k  t empera tu re  
i s  i n c r e a s e d  u n t i l  t h e  . s a t u r a t i o n  t e m p e r a t u r e  i s  a t t a i n e d ,  A f t e r  
t h e  f l u i d  becomes s a t u r a t e d ,  a d d i t i o n a l  h e a t  i n p u t  t o  t h e  l i q u i d  
r e s u l t s  i n  bubble  formation.  According t o  McGrew (Ref I), t h e  
bubbles  are formed on t h e  wall and t h e n  d e t a c h  and s t a r t  t o  r i s e  
i n  t h e  l i q u i d  and beg in  t o  c o a l e s c e  t o  form a l a r g e r  s i n g l e  bubble  
c a l l e d  a Tay lo r  bubble  a s  shown i n  F i g .  1. The fo rma t ion  o f  a 
l a r g e  bubble  r e s u l t s  i n  a p r e s s u r e  r e d u c t i o n  below t h e  bubble .  
Because t h e  l i q u i d  below the  bubble  was a t  i t s  s a t u r a t i o n  temper- 
a t u r e ,  t h e  r e d u c t i o n  i n  p r e s s u r e  causes  t h e  l i q u i d  t o  f l a s h  t o  
vapor  t h e r e b y  forming more bubb les .  A s  new bubbles  are formed, 
t h e  p r e s s u r e  is  a g a i n  reduced f l a s h i n g  more l i q u i d ,  Th i s  s e l f -  
s u s t a i n i n g  r e a c t i o n  occur s  q u i t e  r a p i d l y  and forms vapor  a t  a 
r a t e  c o n s i d e r a b l y  g r e a t e r  than  can be removed from t h e  tube .  The 
consequence o f  t h e  d i f f e r e n c e  i n  t h e s e  r a t e s  i s  t h e  e x p l o s i v e  ex-  
p u l s i o n  o f  t h e  l i q u i d  from t h e  t u b e .  A s  t h e  t u b e  i s  r e f i l l e d  w i t h  
f l u i d  from t h e  r e s e r v o i r ,  t h e  impact o f  water-hammer f o r c e  can be 
a s  h i g h  as 1000 p s i  f o r  l a r g e  sys tems.  The p o t e n t i a l  f o r  s t r u c -  
t u r a l  damage i n  t h e  r e f i l l i n g  p r o c e s s  i s  q u i t e  e v i d e n t .  

Th i s  r e p o r t  i s  concerned main ly  w i t h  t h e  . n a t u r a l  c o n v e c t i o n  
h e a t  t r a n s f e r  p r o c e s s  t h a t  b r i n g s  abou t  t h e  c o n d i t i o n s  f o r  gey- 
s e r i n g .  F r e e  c o n v e c t i o n  i n  v e r t i c a l  t u b e s  has  been s t u d i e d  ana-  
l y t i c a l l y  by L i g h t h i l l  (Ref 2 ) ,  and e x p e r i m e n t a l l y  by M a r t i n  (Ref 
3). L i g h t h i l l  w a s  concerned w i t h  t h e  problem o f  f r e e  c o n v e c t i o n  
c o o l i n g  o f  g a s  t u r b i n e  b lades  by means o f  d r i l l e d  pas sages  i n  t h e  
b l a d e s  and a c o o l a n t  r e s e r v o i r  i n  t h e  hub.  M a r t i n  i n v e s t i g a t e d  
t h e  same problem and a t tempted  t o  e x p e r i m e n t a l l y  v e r i f y  L i g h t h i l l ' s  
work. L i g h t h i l l ' s  a n a l y s i s  was made on  a r i g o r o u s  b a s i s  f o r  bo th  
t h e  case o f  laminar  and t u r b u l e n t  f low.  H e  d e r i v e d  d imens ion le s s  
groups  f o r  p r e d i c t i n g  t h e  h e a t  t r a n s f e r  ra te  i n  a ve r t i ca l  tube  
h e a t e d  under  c o n s t a n t  w a l l  t e m p e r a t u r e  c o n d i t i o n s .  The work o f  
t h e s e  two i n v e s t i g a t o r s  r e p r e s e n t s  e s s e n t i a l l y  a l l  of  t h e  e f f o r t  
d i r e c t l y  a p p l i c a b l e  t o  the  h e a t  t r a n s f e r  problem i n  t h e  geyse r  
p r o c e s s ;  y e t ,  t h e y  d i d  not  i n v e s t i g a t e  e x a c t l y  t h e  g e y s e r  problem. 
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Fig .  1 Taylor Bubble Formation 

~ ~~ 

in Water in  a 4- in.  Pyrex Tube 
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The f i r s t  d i f f e r e n c e  was t h e  c o n s i d e r a t i o n  o f  c o n s t a n t  w a l l  
t empera tu re  r a t h e r  t h a n  c o n s t a n t  h e a t i n g  r a t e .  I n  a g e y s e r  prob-  
l e m ,  such as encountered  i n  a mi s s i l e  p r o p e l l a n t  s y s t e m ,  t h e  h e a t -  
i n g  r a t e  i s  c o n s t a n t .  The a s sumpt ion  o f  c o n s t a n t  w a l l  t empera tu re  
may n o t  i n t r o d u c e  a s i g n i f i c a n t  e f f e c t  i n  t h e  c a s e  o f  t h e  c ryogen ic  
f l u i d s  used i n  m i s s i l e  sys tems,  Th i s  can  be  e x p l a i n e d  on t h e  bas i s  
o f  t h e  t empera tu re  d i f f e r e n c e  between t h e  b o i l i n g  s u r f a c e  and t h e  
s a t u r a t e d  f l u i d  n e c e s s a r y  f o r  b o i l i n g  a t  a s p e c i f i c  h e a t  f l u x .  
For  l i q u i d  hydrogen,  th i s  t empera tu re  d i f f e r e n c e  i s  less  t h a n  1°F 
(Ref 4 )  f o r  n u c l e a t e  b o i l i n g  and less t h a n  15°F (Ref 5 )  f o r  l i q u i d  
n i t r o g e n  and oxygen. Because t h e s e  d i f f e r e n c e s  a r e  so  low, t h e  
c a s e  o f  c o n s t a n t  h e a t i n g  r a t e  may b e  c o n s i d e r e d  e q u i v a l e n t  t o  
c o n s t a n t  w a l l  t empera tu re  w i t h o u t  s e r i o u s  e r r o r .  A more s e r i o u s  
l i m i t a t i o n  on t h e  L i g h t h i l l  and M a r t i n  work i s  t h a t  t h e y  s t u d i e d  
o n l y  s t e a d y - s t a t e  h e a t  t r a n s f e r  i n  t h e  l i q u i d  phase .  I n  t h e  gey- 
ser  problem, t h e  tempera ture  bu i ldup  i s  t r a n s i e n t  and i n v o l v e s  
a phase  change from l i q u i d  t o  vapor .  With t h e s e  l i m i t a t i o n s  i n  
mind, however, t h e  work of  b o t h  L i g h t h i l l  and M a r t i n  can  be used  
as a gu ide  i n  unders tanding  t h e  impor t an t  f a c t o r s  i n  t h e  n a t u r a l  
convec t ion  h e a t  t r a n s f e r  p rocess .  

L i g h t h i l l  developed a c o r r e l a t i o n  f o r  t h e  h e a t  t r a n s f e r  ra te  
i n  laminar  flow i n  t e r m s  of t h e  N u s s e l t  number and t h e  q u o t i e n t  
o f  t h e  Rayle igh  number and L / r i  r a t i o .  

used  o n l y  t h e  N u s s e l t  and Rayle igh  numbers. The N u s s e l t  number 
f o r  bo th  laminar  and t u r b u l e n t  flow as d e f i n e d  by L i g h t h i l l  i s  

I n  t u r b u l e n t  f low,  h e  

-6q - 
"u xkUT 

and t h e  Rayle igh  number (product  of  Grashof  and P r a n d t l  numbers) 
d e f i n e d  as 

M a r t i n ' s  work ag reed  q u i t e  w e l l  w i t h  t h a t  o f  L i g h t h i l l  i n  t h e  
laminar  r e g i o n  but  h i s  va lues  o f  N u s s e l t  number were lower than  
L i g h t h i l l  p r e d i c t e d  f o r  the  t u r b u l e n t  r e g i o n .  

The work d i s c u s s e d  p r e v i o u s l y  can  p robab ly  be used  t o  o b t a i n  
h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  n a t u r a l  c o n v e c t i o n  i n  v e r t i c a l  
t u b e s ;  bu t  i t  does no t  provide  q u a n t i t a t i v e  answers  t o  t h e  geyse r  
problem. 
s t a n d i n g  o f  geyse r ing ,  i n  terms o f  sys tem geometry,  h e a t i n g  r a t e ,  
and f l u i d  p r o p e r t i e s ,  s u f f i c i e n t  t o  p r e d i c t  which combina t ions  o f  
t h e s e  f a c t o r s  produce geyse r ing .  

The o b j e c t i v e  of t h e  p r e s e n t  s t u d y  was t o  g a i n  a n  under-  
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Using t h e  work of  L i g h t h i l l  and M a r t i n  a s  a s t a r t i n g  p o i n t ,  
a n  expe r imen ta l  s t u d y  was conducted t o  o b t a i n  a method o f  p r e -  
d i c t i n g  g e y s e r i n g ,  

5 

L 
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111. DESCRIPTION OF EXPERIMENTAL' PROGRAM 

The expe r imen ta l  program w a s  conducted  a t  t h e  Exper imenta l  
Test  L a b o r a t o r y  of  t h e  Mar t in -Mar ie t t a  Corpora t ion ,  Denver Divi- 
s i o n .  The program c o n s i s t e d  o f  two phases :  geyse r  t e s t s  and 
geyse r  s u p p r e s s i o n  t es t s .  Each o f  t h e s e  phases  i s  d e s c r i b e d  i n  
d e t a i l  i n  t h e  fo l lowing  s e c t i o n s .  

A .  PHASE I - GEYSER TESTS 

The geyse r  t es t s  c o n s i s t e d  of h e a t i n g  a v e r t i c a l  t u b e  f i l l e d  
w i t h  a t es t  f l u i d  t o  determine i f  t h e  t u b e  would o r  would n o t  gey- 
ser.  The t e s t  f l u i d s  used  were water, l i q u i d  n i t r o g e n ,  l i q u i d  hy- 
drogen,  and Freon 113.  Various t u b e s  were t e s t e d  r a n g i n g  from 
4 - i n .  t o  1 3 - i n .  d i a m e t e r .  Length t o  d i ame te r  r a t i o s  were v a r i e d  
between 1.5 and 30, and t h e  h e a t  f l u x  r ange  s t u d i e d  was between 

50 and 2100 Btu / f t2-hr .  

The t e s t  a p p a r a t u s  used i n  t h i s  phase  can  be  d i v i d e d  i n t o  4 
major c a t e g o r i e s :  1) geyser  t u b e ;  2 )  h e a t i n g  sys tem;  3 )  i n s t r u -  
men ta t ion  sys tem;  and 4 )  photographic  system. 

1. Geyser Tube 

The g e n e r a l  geyse r  tube  c o n f i g u r a t i o n  used i n  a l l  geyser  t e s t s  
i s  shown i n  F ig .  2. Tab le  1 c o n t a i n s  t h e  numer ica l  v a l u e s  f o r  t h e  
dimensions shown i n  F ig .  2 f o r  t h e  v a r i o u s  t u b e s  used  i n  t h e  s t u d y  
as w e l l  as t h e  material  of c o n s t r u c t i o n  and t h e  tes t  f l u i d s  used  
i n  each  tube .  The r e s e r v o i r  used  w i t h  Tubes A and B f o r  t h e  water 
and Freon tes ts  w a s  f i t t e d  w i t h  a c o n i c a l  b a f f l e  ( F i g .  3 )  t o  re- 
t a i n  t h e  test f l u i d  i n  t h e  r e s e r v o i r  d u r i n g  a g e y s e r .  A l l  o f  t h e  
r e s e r v o i r s  used  were e x t e r n a l l y  i n s u l a t e d  w i t h  a 1 - in .  l a y e r  o f  
po lyu re thane  foam t o  minimize h e a t  t r a n s f e r  e i t h e r  from o r  t o  t h e  
f l u i d  i n  t h e  r e s e r v o i r .  Also, a 2- in .  po lyu re thane  foam cove r  
w a s  p l aced  on t h e  r e s e r v o i r  t o  p r e v e n t  e x c e s s i v e  h e a t  l o s s  d u r i n g  
a geyse r  t es t .  

L 
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A l l  of  t h e  r e s e r v o i r s  were c o n s t r u c t e d  o f  aluminum. The a l u -  
minum t u b e s  were welded d i r e c t l y  t o  t h e  r e s e r v o i r ;  t h e  pyrex t u b e  
was connec ted  t o  t h e  r e s e r v o i r  by means o f  a r u b b e r  un ion .  The 
union  was clamped t o  t h e  pyrex t u b e  and t o  a f l a n g e  welded t o  t h e  
r e s e r v o i r .  The c l o s u r e  a t  t h e  bot tom o f  t h e  pyrex  t u b e  w a s  f a s h -  
ioned  i n  a similar manner. A r u b b e r  un ion  connec ted  t h e  g l a s s  t u b e  
t o  a p i e c e  o f  aluminum p i p e  c o n t a i n i n g  a f l a n g e  t h a t  made t h e  c l o -  
s u r e .  I n s i d e  t h i s  s e c t i o n  of p i p e ,  a r u b b e r  b a l l o o n  w a s  i n s t a l l e d  
as a shock a b s o r b e r  t o  prevent  damage t o  t h e  t u b e  d u r i n g  r e f i l l  
f o l l o w i n g  a geyse r .  

P r e s s u r e  t a p s  and f i l l  connec t ions  were i n s t a l l e d  a t  t h e  b o t -  
tom o f  each  geyse r  t u b e  f o r  mon i to r ing  t h e  h y d r o s t a t i c  p r e s s u r e  
d u r i n g  g e y s e r i n g  and f o r  f i l l i n g  t h e  tube .  

2.  Hea t ing  System 

The h e a t i n g  sys tem used f o r  Tubes A and B w i t h  w a t e r  and Freon 
c o n s i s t e d  of i n f r a r e d  hea t ing  lamps. F i g u r e  4 shows geyse r  Tube A 
with t h e  h e a t i n g  sys tem i n s t a l i e d  i n  t h e  t e s t  c e i i .  These lamps 
(Genera l  E l e c t r i c  T-3 h e a t i n g  lamps)  were approx ima te ly  12 - in .  l o n g  
and were c a p a b l e  o f  producing 1000 watts when o p e r a t e d  on 220 v o l t s .  
The sys tem c o n t a i n e d  11 rows ( c o v e r i n g  approx ima te ly  12  f t  o f  t u b e  
l e n g t h )  w i t h  8 lamps i n  each row. 
spaced  around t h e  geyse r  tube p e r i p h e r y  w i t h  t h e  lamp c e n t e r  3 i n .  
from t h e  t u b e  w a l l .  Aluminum r e f l e c t o r s  w e r e  i n s t a l l e d  behind t h e  
lamps t o  d i r e c t  t h e  r a d i a t i o n  and t o  p r o v i d e  un i fo rm h e a t i n g  on 
t h e  t u b e  s u r f a c e .  The v o l t a g e  a c r o s s  t h e  lamps w a s  c o n t r o l l e d  by 
means o f  a 220-vol t  3-phase v a r i a c .  
i ac  w a s  45 amps a t  220 vac.  Each o f  t h e  rows w a s  w i red  th rough  a 
t o g g l e  s w i t c h  f o r  i n d i v i d u a l  c o n t r o l .  T h i s  a r rangement  p e r m i t t e d  
o p e r a t i o n  o f  one row, a l l  e l even ,  o r  any  combina t ion  a t  one t i m e  
by e n e r g i z i n g  t h e  des i r ed  number of  r o w s  from the top of the t_ i~he ,  
The f l u i d  below t h e  l a s t  ene rg ized  row was e s s e n t i a l l y  u n a f f e c t e d  
by t h e  h e a t i n g  lamps. 

These 8 lamps were e q u a l l y  

The power r a t i n g  o f  t h i s  v a r -  

I n  o r d e r  t o  s i m u l a t e  a missile l i n e ,  t h e  water must be  h e a t e d  
by c o n v e c t i o n  from t h e  h o t  tube  w a l l .  Because t h e  h e a t i n g  w a s  by 
r a d i a t i o n ,  i t  w a s  n e c e s s a r y  t o  i n c r e a s e  t h e  a b s o r p t i v i t y  o f  t h e  
pyrex  t u b e  from a v a l u e  o f  about  0.60 t o  n e a r  1 . 0  t o  p r e v e n t  d i -  
r ec t  h e a t i n g  o f  t h e  water by t h e  r a d i a n t  energy .  The h i g h e r  ab -  
s o r p t i v i t y  w a s  ach ieved  by  p a i n t i n g  t h e  pyrex t u b e  w i t h  a s o l u -  
t i o n  o f  ca rbon  b l a c k  and l acque r .  The l a c q u e r  evapora t ed  l e a v i n g  
t h e  ca rbon  b l a c k  on t h e  s u r f a c e  t h e r e b y  p r o v i d i n g  t h e  d e s i r e d  ab-  
s o r  p t  i v i  t y . 
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The h e a t i n g  system was  c a l i b r a t e d  by f i l l i n g  t h e  t u b e  w i t h  
water t o  a l e v e l  3 i n .  above t h e  t o p  row o f  lamps and a p p l y i n g  
a c o n s t a n t  power t o  t h e  t o p  row o f  lamps. The water l e v e l  was 
measured by c o n n e c t i n g  a water manometer t o  t h e  pyrex t u b e .  
Both t h e  water t e m p e r a t u r e  and t h e  o u t s i d e  t u b e  s u r f a c e  tem- 
p e r a t u r e  were measured w i t h  thermocouples ,  w h i l e  t h e  water w a s  
a l lowed t o  b o i l  u n t i l  t h e  water l e v e l  d e c r e a s e d  t o  t h e  t o p  o f  
t h e  e n e r g i z e d  row o f  lamps. Using t h e  h e a t  o f  v a p o r i z a t i o n  o f  
water a t  t h e  measured temperature  and t h e  t i m e  f o r  t h e  water 
l e v e l  t o  f a l l  3 i n . ,  a hea t  f l u x  w a s  c a l c u l a t e d .  The amount o f  
h e a t  b e i n g  conducted by the water below t h e  t o p  row o f  lamps w a s  
c a l c u l a t e d  t o  be approximately 114% o f  t h e  c a l c u l a t e d  w a l l  h e a t  
f l u x .  T h i s  p rocedure  w a s  r e p e a t e d  s e v e r a l  t i m e s  a t  v a r i o u s  v o l t -  
age  s e t t i n g s  a c r o s s  t h e  lamps, t h u s  p r o v i d i n g  a c a l i b r a t i o n  of  
h e a t  f l u x  as a f u n c t i o n  of power s e t t i n g .  The c a l i b r a t i o n  f o r  
t h e  t o p  row w a s  t h e n  assumed t o  be v a l i d  over  t h e  e n t i r e  t ube  
l e n g t h  because g e y s e r i n g  precluded t h e  u s e  o f  t h i s  method ove r  
t h e  f u l l  t u b e  l e n g t h .  

Because b o t h  l i q u i d  n i t r o g e n  and l i q u i d  hydrogen are  c r y o g e n i c  
f l u i d s ,  an e x t e r n a l  h e a t i n g  system w a s  n o t  r e q u i r e d  f o r  t h e  t e s t s  
w i t h  t h e s e  f l u i d s .  I n s t e a d ,  t h e  h e a t  f l u x  w a s  c o n t r o l l e d  by i n -  
s u l a t i n g  t h e  geyse r  t u b e  with p rede te rmined  t h i c k n e s s e s  of po ly -  
u r e t h a n e  foam i n s u l a t i o n .  The i n s u l a t i o n  t h i c k n e s s e s  used f o r  t h e  
l i q u i d  n i t r o g e n  tes t s  were 1-, l l 2 - ,  and 1 / 4 - i n . ,  and no i n s u l a -  
t i o n .  The t h i c k n e s s e s  used i n  t h e  l i q u i d  hydrogen t e s t s  were 7 - ,  
4 - ,  and 1 / 4 - i n .  Because the normal b o i l i n g  p o i n t  of l i q u i d  hydro- 
gen (-423°F) i s  below t h e  condensing p o i n t  o f  a i r ,  i t  w a s  n e c e s -  
s a r y  t o  p r o v i d e  a he l ium gas atmosphere around t h e  foam i n s u l a t i o n  
i n  t h e  hydrogen t e s t s  t o  prevent t h e  c o n d e n s a t i o n  o f  a i r  i n  t h e  
i n s u l a t i o n .  I f  t h i s  p recau t ion  had n o t  been t a k e n ,  a i r  condensa- 
t i o n  i n  t h e  foam would have c o n s i d e r a b l y  reduced t h e  e f f e c t  of  t h e  

t r a n s f e r  r a t e  t o  t h e  geyser t u b e .  
i..sulatinr! and made i t  extremely d i f f i c u l t  t n  de te rmine  t h e  hea t  

The h e a t  f l u x  f o r  t h e  foam i n s u l a t e d  t u b e s  w a s  c a l c u l a t e d  u s -  
i n g  t h e  one dimension,  s t e a d y - s t a t e  conduc t ion  e q u a t i o n  i n  c y l i n -  
d r i c a l  c o o r d i n a t e s ,  and a measured t e m p e r a t u r e  d i f f e r e n c e  a c r o s s  
t h e  foam o b t a i n e d  by u s i n g  coppe r -cons t an tan  thermocouples .  The 
foam i n s u l a t i o n  thermal  c o n d u c t i v i t y  used i n  t h e  h e a t  f l u x  c a l c u -  
l a t i o n s  f o r  t h e  l i q u i d  n i t r o g e n  t e s t s  was o b t a i n e d  from t h e  work 
o f  Haskins arid Hertz (Ref 6 ) .  For t h e  l i q u i d  hydrogen t e s t s ,  t h e  
h e a t  f l u x  w a s  c a l c u l a t e d  using t h e  the rma l  c o n d u c t i v i t y  o f  he l ium 
gas  from S c o t t  (Ref 7 ) ,  because t h e  thermal  c o n d u c t i v i t y  of  t h e  
foam i n s u l a t i o n  i s  a lmos t  comple t e ly  dependent  upon t h e  i n t e r s t i -  
t i a l  gas .  During t h e  l i q u i d  hydrogen nongeyser t e s t s ,  b o i l o f f  
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rates were o b t a i n e d  and conve r t ed  t o  t u b e  w a l l  h e a t  f l u x e s .  These 
f l u x e s  were compared w i t h  t h e  p r e d i c t e d  h e a t  f l u x e s  based on he-  
l i um g a s  the rma l  c o n d u c t i v i t y .  Good agreement: w a s  a t t a i n e d ,  t h e r e -  
by v e r i f y i n g  t h e  method of u s i n g  he l ium g a s  the rma l  c o n d u c t i v i t y  
f o r  h e a t  f l u x  c a l c u l a t i o n .  The h e a t  f l u x  f o r  a l l  t h e  u n i n s u l a t e d  
l i q u i d  n i t r o g e n  t e s t s  could n o t  be r e a d i l y  c a l c u l a t e d  because of 
small q u a n t i t i e s  of a i r  condensing on t h e  t u b e .  The work o f  
Rucc ia  and Mohr (Ref 8) on h e a t  t r a n s f e r  t o  u n i n s u l a t e d  l i q u i d  
oxygen t a n k s  w a s  used as a b a s i s  f o r  e s t i m a t i n g  t h e  h e a t  t r a n s -  
f e r  t o  t h e  u n i n s u l a t e d  l i q u i d  n i t r o g e n  t u b e s .  A v a l u e  o f  700 

B t u / f t  -hr w a s  s e l e c t e d  a s  b e i n g  a c l o s e  approx ima t ion  o f  t h e  
ac  t u a l  h e a t  f l u x  . 

2 

F i g u r e  5 shows geyse r  Tube B u n i n s u l a t e d ,  i n s t a l l e d  i n  t h e  

F i g u r e  7 shows g e y s e r  Tube 
F i g u r e  8 shows g e y s e r  Tube 

t e s t  c e l l  d u r i n g  a l i q u i d  n i t r o g e n  t e s t .  
Tube C i n s t a l l e d  i n  t h e  t e s t  c e l l .  
D d u r i n g  a l i q u i d  n i t r o g e n  g e y s e r .  
B ,  w i t h  7 i n .  o f  i n s u l a t i o n ,  d u r i n g  a l i q u i d  hydrogen g e y s e r  t es t .  
F i g u r e  9 shows geyse r  Tube E i n s t a l l e d  i n  t h e  t e s t  c e l l .  

F i g u r e  6 shows geyse r  

When l i q u i d  n i t r o g e n  was used  as t h e  tes t  f l u i d ,  h e a t i n g  of  
t h e  l i q u i d  commenced immediately upon t h e  s t a r t  of  f i l l i n g .  
c a u s e  o f  t h i s  immediate h e a t i n g ,  d i f f i c u l t i e s  w e r e  encoun te red  
i n  t r y i n g  t o  d i s t i n g u i s h  between g e y s e r i n g  and f i l l  t r a n s i e n t s .  
To a l l e v i a t e  t h i s  problem, gaseous hel ium w a s  i n j e c t e d  a t  t h e  
bottom o f  t h e  t u b e  d u r i n g  l i q u i d  n i t r o g e n  f i l l i n g  t o  subcoo l  t h e  
n i t r o g e n  s u f f i c i e n t l y  t o  o b t a i n  a d e f i n a b l e  and r e p e a t i b l e  t e s t  
s t a r t i n g  c o n d i t i o n .  H e l i u m  i n j e c t i o n  w a s  c o n t i n u e d  a f t e r  t h e  
t u b e  was f i l l e d  u n t i l  a q u i e s c e n t  l i q u i d  s u r f a c e  w a s  a t t a i n e d  
i n  t h e  r e s e r v o i r .  The helium was then  s h u t  o f f  and t h e  t u b e  a l -  
lowed t o  geyse r .  
u i d  hydrogen. 

B e -  

S i m i l a r  problems were n o t  expe r i enced  w i t h  l i q -  

The h e a t i n g  s y s t e m  used on geyse r  Tube D f o r  t h e  water t es t s  
c o n s i s t e d  of  a se r ies  of  e l e c t r i c  b l a n k e t  h e a t e r s .  These h e a t e r s ,  
each c o n s i s t i n g  o f  a b l anke t  o f  r e s i s t a n c e  w i r e ,  were 1 2  i n .  wide 
and 25 i n .  long.  They were wrapped around t h e  t u b e  and covered 
w i t h  a 1 - i n .  l a y e r  o f  po lyu re thane  foam i n s u l a t i o n  t o  minimize 
l o s s e s  t o  t h e  su r round ings .  F i g u r e  10 shows geyse r  Tube D w i t h  
p a r t  of t h e  b l a n k e t  h e a t e r s  and foam i n s u l a t i o n  i n s t a l l e d .  The 
heaters were powered by means o f  t h e  220-vo l t  v a r i a c  p r e v i o u s l y  
d e s c r i b e d .  The h e a t  f l u x  was de te rmined  by measuring t h e  power 
i n p u t  t o  t h e  h e a t e r s ,  and s u b t r a c t i n g  t h e  c a l c u l a t e d  l o s s e s  
through t h e  foam i n s u l a t i o n .  The foam l o s s e s  were c a l c u l a t e d  
u s i n g  t h e  s t e a d y - s t a t e  conduc t ion  e q u a t i o n .  
t u r e  d i f f e r e n c e  a c r o s s  t h e  foam was determined from thermocouple 
measurements. 

Again t h e  tempera- 
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The i n s t r u m e n t a t i o n  used i n  t h e  geyse r  t e s t  phase c o n s i s t e d  
of  t e m p e r a t u r e  and p r e s s u r e  measurements.  Tube wall  and i n s u l a -  
t i o n  s u r f a c e  t e m p e r a t u r e s  were measured i n  a l l  t e s t s .  F l u i d  
t e m p e r a t u r e s  were measured o n l y  on t h e  t e s t s  w i t h  geyse r  Tubes 
A and B. F l u i d  t empera tu res  were n o t  measured d u r i n g  t h e  l i q u i d  
hydrogen t e s t s  . 

I n  t h e  water and Freon tes ts ,  t h e  f l u i d  t e m p e r a t u r e s  were 
measured by means o f  a movable thermocouple  probe i n s t a l l e d  a l o n g  
t h e  t u b e  c e n t e r l i n e .  The thermocouples  w e r e  i n s t a l l e d  a t  t h e  b o t -  
tom of  t h e  probe,  and t h e  probe w a s  r a i s e d  o r  lowered t o  measure 
t h e  t e m p e r a t u r e  a t  any d e s i r e d  l e v e l  i n  t h e  t u b e .  For  t h e  l i q u i d  
n i t r o g e n  t e s t s ,  a f i x e d  probe c o n t a i n i n g  t h e r m i s t o r s  mounted a t  
1 - f t  i n t e r v a l s  was used.  

The s t a t i c  p r e s s u r e  a t  t h e  b a s e  of  t h e  geyse r  t u b e  w a s  meas- 
u r e d  by means o f  a s t r a i n  gage p r e s s u r e  t r a n s d u c e r .  T h i s  p r e s s u r e  
w a s  r e c o r d e d  d u r i n g  a l l  t e s t s  f o r  t h e  pu rpose  o f  i d e n t i f y i n g  gey- 
s e r i n g  i n  t h e  tube .  

a. Thermocouples 

The f l u i d  and tube w a l l  t e m p e r a t u r e s  f o r  a l l  t h e  water 
and Freon tes t s ,  as  w e l l  as t h e  foam i n s u l a t i o n  t e m p e r a -  
t u r e s ,  w e r e  measured w i t h  c o p p e r - c o n s t a n t a n  thermocouples .  
The thermocouples used w e r e  made from s t a n d a r d  1 1/2%, 30 
ga ,  T e f l o n  i n s u l a t e d  thermocouple  w i r e .  A l l  o f  t h e  meas- 
urements  were r e f e r e n c e d  t o  a common i c e  water b a t h .  The 
r e a d o u t  equipment was e i t h e r  a r e c o r d i n g  o s c i l l o g r a p h  o r  
a r e c o r d i n g  s e l f - b a l a n c i n g  p o t e n t i o m e t e r ,  depending on t h e  

known m i l l i v o l t a g e s  i n t o  t h e  measuring c i r c u i t ,  a c c o r d i n g  
t o  t h e  N a t i o n a l  Bureau of  S t a n d a r d s  t a b l e s ,  by means o f  a 
hand b a l a n c i n g  po ten t iome te r .  The a c c u r a c y  o f  t h e s e  meas- 
urements  w a s  12°F. 

t e s t  r e q u i r e m e n t s .  The c a l i b r a t i o n  ccnsisced cf <..putting 

b. T h e r m i s t o r s  

The l i q u i d  n i t r o g e n  f l u i d  and t u b e  w a l l  t e m p e r a t u r e s  were 
measured by means of t h e r m i s t o r s .  The t h e r m i s t o r s  used 
were Keystone Carbon Model L0904. They were i n s t a l l e d  i n  
a r e s i s t a n c e  b r idge  c i r c u i t  and r e c o r d e d  on a r e c o r d i n g  
o s c i l l o g r a p h .  They were i n d i v i d u a l l y  c a l i b r a t e d  i n  a 
s p e c i a l  c a l i b r a t i o n  c r y o s t a t  u s i n g  a vapor  p r e s s u r e  c a l i -  
b r a t i o n  t echn ique .  The a c c u r a c y  o f  t h e s e  measurements w a s  
kO.25OF. 
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A Statham s t r a i n  gage p r e s s u r e  t r a n s d u c e r  was u t i l i z e d  
f o r  a l l  p r e s s u r e  measurements i n  t h e  t e s t  program. The 
measurement was recorded e i t h e r  on a s e l f - b a l a n c i n g  po- 
t e n t i o m e t e r  o r  o s c i l l o g r a p h  depending on t h e  t e s t  con- 
d i t i o n s .  C a l i b r a t i o n  was ach ieved  by means of  a dead 
we igh t  c a l i b r a t i o n  t e c h n i q u e .  

4 .  Pho tograph ic  System 

Because t h e  f l u i d  c i r c u l a t i o n  and boundary l a y e r  growth i s  a 
major f a c t o r  i n  g e y s e r i n g ,  a pho tograph ic  t e c h n i q u e  was developed 
i n  a n  a t t e m p t  t o  o b t a i n  t h i s  t y p e  of  d a t a .  The t e c h n i q u e  was de-  
veloped f o r  u s e  on t h e  pyrex geyse r  t u b e  w i t h  wa te r  as t h e  t e s t  
f l u i d .  The t e c h n i q u e  c o n s i s t e d  o f  t a k i n g  motion p i c t u r e s  of t h e  
movement of small  g l a s s  spheres  p l aced  i n  t h e  water.  The g l a s s  
s p h e r e s  used were Eccospheres made by Emerson and Cuming, I n c  and 
ranged from 30 t o  300 microns i n  d i a m e t e r .  The d e n s i t y  v a r i e d  
w i t h  s p h e r e  d i a m e t e r ,  t h e r e f o r e  some o f  t h e  s p h e r e s  e i t h e r  f l o a t e d  
on t h e  water s u r f a c e  or  sank t o  t h e  bo t tom w h i l e  t h e  remainder  
were suspended i n  t h e  water and t h e i r  motion was t h a t  of t h e  
water.  

To i l l u m i n a t e  and photograph t h e  s p h e r e s  i n  t h e  pyrex t u b e ,  
a q u a r t e r - i n c h  s t r i p  was l e f t  unpa in ted  a l o n g  t h e  e n t i r e  t ube  
l e n g t h  f o r  i l l u m i n a t i o n  and t h e  p a i n t  w a s  s c r a p e d  from t h e  t u b e  
i n  a 2- inch c i r c l e  t o  provide camera p o r t s .  L i g h t  from a h i g h  
i n t e n s i t y  f l o o d  lamp w a s  admit ted th rough  t h e  u n p a i n t e d  s t r i p  
p r o v i d i n g  a p l a n e  of l i g h t  t h rough  t h e  c e n t e r  of t h e  t u b e .  A 
16  mm movie camera (24 f r / s )  w a s  p l aced  normal t o  t h e  p l a n e  o f  
l i g h t  a t  a camera p o r t  t o  r eco rd  t h e  motion of t h e  s p h e r e s .  

i n g  t o  minimize d i r e c t  h e a t i n g  o f  t h e  water. 
These p n r t s  "ere scraped as r equ i r ed  and r e p a i n t e d  z f t e r  f i l m -  

The h e a t i n g  lamps emi t t ed  an orange l i g h t  so i t  was n e c e s s a r y  
t o  s h i e l d  t h i s  l i g h t  from the  movie camera. To do t h i s ,  a 2 - in .  
aluminum tube ,  12 i n .  long,  w a s  f i x e d  t o  t h e  camera. T h i s  t u b e  
provided a complete  s h i e l d  between t h e  camera and geyse r  t u b e  so 
t h a t  t h e  o n l y  l i g h t  a v a i l a b l e  t o  expose t h e  movie f i l m  w a s  t h a t  
coming through t h e  1 / 4 - i n .  s t r i p .  



NASA-CR-64-3 ( I s s u e  7 )  
18 

The t e c h n i q u e  proved t o  be  q u i t e  s u c c e s s f u l .  Approximately 
5 0 0 - f t  of  f i l m  w a s  exposed p r o v i d i n g  p i c t u r e s  o f  f l u i d  motion as 
a f u n c t i o n  o f  bo th  t ime and water t e m p e r a t u r e  a t  v a r i o u s  l o c a -  
t i o n s  a l o n g  t h e  t u b e  l eng th .  F i g u r e  11 i s  a n  enlargement  of one 
frame o f  t h e  movies t o  show t h e  t y p e  o f  p i c t u r e s  o b t a i n e d .  
w h i t e  l i n e  i s  a gu idewi re  f o r  t h e  thermocouple  probe and t h e  t u b e  
wa l l  i s  on t h e  r i g h t .  

The 

A l l  o f  t h e  f i l m s  were ana lyzed  i n  a n  a t t e m p t  t o  d e f i n e  f low 
p a t t e r n s  and boundary l a y e r  development t h a t  would a s s i s t  i n  de-  
s c r i b i n g  g e y s e r i n g .  Rather t h a n  t h e  expec ted  o r d e r l y  f low,  t h e  
movies showed g r e a t  t u r b u l e n c e  and random f l u i d  movement up and 
down t h e  t u b e .  T h e r e  was no d i s c e r n i b l e  boundary l a y e r  develop-  
ment i n  any of t h e  f i l m s .  

Because o f  t h e  random n a t u r e  o f  t h e  f l o w  coupled w i t h  t h e  t u r -  
b u l e n c e ,  t h e  d a t a  could not b e  i n t e r p r e t e d .  T h e r e f o r e ,  t h e  photo-  
g r a p h i c  expe r imen t s  were t e rmina ted .  

5. Geyser Test R e s u l t s  

A summary of  t h e  geyser t e s t s  conducted d u r i n g  t h e  e x p e r i -  
mental  program i n c l u d i n g  t h e  t e s t  c o n d i t i o n s  i s  c o n t a i n e d  i n  T a b l e  
2 .  The m a j o r i t y  o f  t h e  e f f o r t  w a s  expended on t e s t s  w i t h  t h e  
4 - i n .  t u b e s  and t h e  f o u r  t e s t  f l u i d s  ( w a t e r ,  l i q u i d  n i t r o g e n ,  
l i q u i d  hydrogen, and Freon 1 1 3 ) .  

The i n i t i a l  a t t e m p t  t o  a t t a i n  a c o r r e l a t i o n  t h a t  would d i s -  
t i n g u i s h  between geyse r  and nongeyser  c o n d i t i o n s  as a f u n c t i o n  
o f  h e a t  f l u x ,  t u b e  geometry, and f l u i d  p r o p e r t i e s  w a s  based on 
t h e  work by L i g h t h i l l  (Ref 2 )  and M a r t i n  (Ref 3 ) .  The d a t a  
t a k e n  a t  t h e  o n s e t  of  geyse r ing  from t h e  t e s t s  w i t h  g e y s e r  Tubes 

~ I I U  U, a d  a l l  iiiree i e s i  i i u i d s ,  were pioEced i n  t h e  form o f  
t h e  N u s s e l t  number v e r s u s  t h e  Ray le igh  number. 

A - - >  n 

The f l u i d  p r o p e r t i e s  were e v a l u a t e d  a t  t h e  a r i t h m e t i c  mean 
t e m p e r a t u r e  between t h e  top f l u i d  c e n t e r l i n e  and bottom i n s i d e  
w a l l  t empera tu res .  The i n s i d e  w a l l  t e m p e r a t u r e  cou ld  n o t  be  
measured b u t  w a s  determined. I n  t h e  c a s e  of  t h e  aluminum tube ,  
t h e  o u t s i d e  w a l l  t empera tu re  w a s  measured and assumed t o  be  e q u a l  
t o  t h e  i n s i d e  w a l l  temperature .  Because o f  t h e  h i g h  the rma l  con- 
d u c t i v i t y  of a l u m i n i l m i  t h i s  a s sumpt ion  does  n o t  i n t r o d u c e  a s i g -  
n i f i c a n t  e r r o r .  Th i s  could n o t  be  done f o r  t h e  pyrex tube .  The 
i n s i d e  w a l l  t e m p e r a t u r e  was de t e rmined  by c a l c u l a t i n g  t h e  t e m -  
p e r a t u r e  d r o p  a c r o s s  t h e  tube w a l l  and s u b t r a c t i n g  i t  from t h e  
measured o u t s i d e  w a l l  t empera tu re .  
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Table 2 Summary of Geyser Tes t s  Conducted 

~ 

LID ( D - O . ~ ~ )  z tleated 
Tes t  Geyser Tes t  9 /A Length 

No. Tube Fluid (B tu / f tZ -h r )  ( f t )  Geyser LID (Btu / f t3)  

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 
12 
13 
14 
15 
16  
17  
18 
19 
20 
2 1  
2 2  
23 
24 
25 
26 
27 
2 8  
29 
30  
31  
32 
33 
34 
35 
36 
37 
38 
39 
4 0  
4 1  
42  
43  
44 
45 
46 
47  
48 
49  
50 
51 
52 
53 
54 
55 
56 
57 

365 

315 

265 

215 

120 
410 
315 

215 
Freon 620 

530 

420 

Freon 420 

380 

275 

A Water 410 3 
4 
5 
6 
7 
8 
9 
4 
5 
6 
7 
8 
9 
5 
6 
7 
8 
9 
5 
6 
7 
8 
9 
3 
4 
8 

'B 2 
2 
3 
4 
2 
2 
4 
6 
8 

4 
6 
8 

1 0  
2 
4 
6 

B 8 
1 0  
2 
4 
6 
8 

10  
2 
4 
6 
8 

1 0  
2 06 2 

4 

7 

No 
No 
Yes 
Yes 
Y e s  
Y e s  
Yes 
No 
Y e s  
Yes 
Yes 
Yes 
Yes 
Y e s  
Yes 
Yes 
Yes 
Yes 
Yes 
Y e s  
Y e s  
Yes 
Yes 
No 
N o  
Yes 
No 
N o  
N o  
N o  
No 
N o  
Y e s  
Yes 
Yes 
No 
Y e s  
Y e s  
Y e s  
Yes 
N o  
Yes 
Yes 
Yes 
Yes 
No 
Y e s  
Y e s  
Y e s  
Y e s  
No 
Y e s  
Y e s  
Y e s  
Y e s  
No 
N o  

8.55 
11.4 
14.2 
17.1 
19.9 
22.8 
25.6 
11.4 
14.2 
17.1 
19.9 
22 .8  
25 .6  
14.2 
1 7 . 1  
19.9 
22.8 
25.6 
14.2 
17.1 
19.9 
22.8 
25.6 

11.4 
22.8 

6 .O 
6 .O 
9 .O 

12 .o 
6 .O 
6 .O 

12 .o 
18  .o 
24 .O 

6 .O 
1 2  .o 
18 .o 
24 .O 
30.0 

6 .O 
12.0 
18 .O 
24 .O 
30.0 

6 .O 
12 .o 
18.0 
24 .O 
30.0 

6 .O 
12 .o 
18 .O 
24 .O 
30.0 

6 .O 
12 .o 

8.55 

3 2 2  
5 .35  
5.34 
6.43 
7 .so 
8.58 
9.63 
4.30 
5.35 
6.43 
7 .50  
8 .58  
9.63 
5.35 
6.43 
7 .SO 
8.58 
9.63 
5.35 
6.43 
7 .SO 
8.58 
9.63 
3.22 
4 .30 
8.58 
2.34 
2.34 
3 .so 
4.67 
2.34 
2.34 
4.67 
7 .OO 
9.35 
2.34 
4.67 
I .oo 
9.35 

11.70 
2.34 
4.67 
7 .OO 
9.35 

11.70 
2.34 
4.67 
7 .OO 
9.35 

11.70 
2.34 
4-67 
7 -00 
9.35 

11 -70 
2.34 
4.67 

1.55 lo5 
2.07 
2.58 
3.10 
3.62 
4.14 
4.75 
1.84 
2.31 
2.76 
3.23 
3.68 
4.14 
1.89 
2.38 
2.78 
3.16 
3.58 
1.66 
2 .oo 
2.34 
2.68 
3 .oo 
0 .813 
1.09 
1.21 
1.03 
0.795 
1.19 
1.59 
0.542 
3.79 
7.90 
1.30 
5.20 
3 .24 
6 .SO 
9.76 
3 .OO 
6.30 
2.56 
5.15 
7.73 
0.30 
2.80 
2.14 
& .30 
6.45 
8.58 
0.70 
1.68 
3.35 
5 .a$ 
6.72 
8.42 
1.25 
2.51 

t 
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Table 2 (concl)  

z d A  Heated L/D (D-o'88) Length Test Geyser Test 
No. Tube F lu id  ( B t u / f t 2  h r )  ( f t )  Geyser L/D ( i n .  - O 9  (B tu / f t3 )  

58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
7 1  
72 
73 
74 
75 
76 
7 7  
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 

100 
101 
102 
103 
101, 
105 
106 
107 
108 
109 
110 
111 
112 

LN2 

LN2 B 

C 

D 

B 

WaLer 

LN2 

LH2 

145 

700 

85 
80 
31 
81 
82 
87 
61  
58 
61 
60 
61 
62 
43 
40 
42 
41 
43 
42 
34 
49 
28 

756 
350 

1960 
1600 
530 
338 
700 

83 
7 00 
182 

51 
700 
149 

85 
48 

770 
169 

92 
7 70 
92 

113 E LN, 44 

6 
8 

1 0  
2 
4 
6 
8 

1 0  
1.5 
2.5 
3 .5 
4.5 
5.5 
6.5 
1.5 
2.5 
3 .5 
4.5 
5.5 
6.5 
1.5 
2.5 
3.5 
4.5 
5.5 
6.5 
1.5 
2.5 
3 .5 
4 .5  
5.5 
6.5 
8 
8 
8 
9 
9 

12 
12  
12 
12 

9 
9 

12 
12 
12 
14 
14 
14  
14  

3.42 
3 .42 
3.42 
5 
5 

28.3 
114 14.7 28.3 

Yes 
Yes 
Yes 
No 
No 
Yes 
Yes 
Yes 
No 
No 
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The d a t a  ag reed  with t h a t  of  L i g h t h i l l  and Mar t in ,  b u t  d i d  
n o t  p r e s e n t  a means of  d i s t i n g u i s h i n g  between g e y s e r i n g  and non- 
g e y s e r i n g  c o n d i t i o n s .  It should be  n o t e d  t h a t  when t h e  N u s s e l t  
number was p l o t t e d  as a f u n c t i o n  o f  t h e  Ray le igh  number and t h e  
r e s u l t s  compared w i t h  t h e  L i g h t h i l l  and M a r t i n  work, a t r a n s i e n t  
and a s t e a d y - s t a t e  c o n d i t i o n  were b e i n g  compared. The geyse r  
p r o c e s s  i s  a t r a n s i e n t  c o n d t t i o n  from t h e  s t a r t  of  l i q u i d  h e a t  
up t o  t h e  e x p u l s i o n .  L i g h t h i l l  and Mar t in  were concerned o n l y  
w i t h  t h e  maximum s t e a d y - s t a t e  h e a t  t r a n s f e r  r a t e  from t h e  t u b e .  

S i n c e  t h e  geyse r  process  i s  s t r o n g l y  t i m e  dependen t ,  and t h e  
a t t a i n m e n t  of  l i q u i d  s a t u r a t i o n  i s  a p r e r e q u i s i t e  f o r  g e y s e r i n g ,  
t h e  t ime r e q u i r e d  f o r  a l l  t h e  f l u i d  i n  t h e  t u b e  t o  a t t a i n  s a t u r a -  
t i o n  seemed t o  be a s i g n i f i c a n t  v a r i a b l e  upon which t o  a t t e m p t  a 
c o r r e l a t i o n .  T h i s  time parameter w a s  i n c l u d e d  i n  t h e  c o r r e l a t i o n  
th rough  t h e  u s e  of t h e  Fourier  number (NFO). The F o u r i e r  number 
(Ref 9)  i s  d e f i n e d  as 

Time z e r o  w a s  t a k e n  a t  t h e  t i m e  t h e  f l u i d  i n  the t u b e  w a s  a t  a u n i -  
form t e m p e r a t u r e  equa l  t o  t h e  s a t u r a t i o n  t e m p e r a t u r e  a t  t h e  t o p  o f  
t h e  t u b e .  

A c o r r e l a t i o n  o f  t h e  t e s t  d a t a  from geyse r  Tubes A and B w a s  
a t t e m p t e d  by p l o t t i n g  t h e  N u s s e l t  number as a f u n c t i o n  o f  t h e  Ray- 
l e i g h - F o u r i e r  number product .  T h i s  a t t e m p t  f a i l e d  t o  y i e l d  a 
d e s i r a b l e  c o r r e l a t i o n .  

These d a t a  were t h e n  c r o s s - p l o t t e d  and a d j u s t e d  by means o f  a 
U b L  c n r i n c  *LU cf trisl 2nd 2rr-r zpprcachec until a p l c t  cf t h e  tube ge- 

ometry r a t i o  L I D  ( t h e  heated t u b e  l e n g t h  d i v i d e d  by t h e  t u b e  i n -  
s i d e  d i a m e t e r )  as a func t ion  o f  a parameter  Z w a s  a t t a i n e d .  The 
pa rame te r  Z i s  d e f i n e d  as 

T h i s  method of p l o t t i n g  y i e l d e d  t h e  d e s i r e d  s e p a r a t i o n  between 
t h e  geyse r  and nongeyser regimes f o r  t h e  d a t a  o b t a i n e d  from geyse r  
Tubes A and B. 
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Data from tests conducted w i t h  geyse r  Tubes C ,  D and E were 
p l o t t e d  t o  v e r i f y  t h e  c o r r e l a t i o n  f o r  o t h e r  d i a m e t e r s .  The re- 
s u l t s  showed t h a t  a c o r r e l a t i o n  o f  L/D v e r s u s  Z w a s  n o t  s u f f i -  
c i e n t  t o  d e s c r i b e  g e y s e r i n g  a s  a f u n c t i o n  o f  t u b e  d i a m e t e r .  An- 
a l y z i n g  t h e  d a t a  from Tubes C ,  D, and E showed t h a t  r e p l a c i n g  

t h e  t e r m  L/D by (L/D)(D -o '68) r e s u l t e d  i n  a geyser -nongeyser  c o r -  
r e l a t i o n  v a l i d  f o r  a l l  tube  d i a m e t e r s  and f l u i d  p r o p e r t i e s .  T h i s  
f i n a l  c o r r e l a t i o n  i s  presented  i n  F i g .  12 .  

The f l u i d  p r o p e r t i e s  conta ined  i n  t h e  parameter  Z were e v a l -  
u a t e d  a t  t h e  t empera tu re  cor responding  t o  f l u i d  s a t u r a t i o n  a t  
s t a n d a r d  a tmosphe r i c  p r e s s u r e  (14.7 p s i a ) .  T h i s  c o n d i t i o n  w a s  
chosen as a conven ien t  s t anda rd  f o r  p r a c t i c a l  u s e  and i s  j u s t i -  
f i e d  on t h e  b a s i s  t h a t  t h e  e x a c t  same c o r r e l a t i o n  w a s  a t t a i n e d  
when t h e  f l u i d  p r o p e r t i e s  were e v a l u a t e d  a t  s a t u r a t i o n  tempera-  
t u r e  co r re spond ing  t o  b o t h  25 and 50 p s i a .  

I n  t h e  t e s t s  conducted i n  t h i s  s t i idy,  t h e  p r e s s u r e  a t  t h e  
t o p  o f  t h e  geyse r  t u b e  was a tmosphe r i c  (12 p s i a ) .  
of a n  a c t u a l  m i s s i l e  system t h e  p r e s s u r e  a t  t h e  t o p  of  t h e  pro-  
p e l l a n t  f e e d l i n e  w i l l  be  c o n s i d e r a b l y  above a tmosphe r i c  ( a s  g r e a t  
a s  2 .5  a tmos) ,  depending  on t h e  d e p t h  o f  l i q u i d  i n  t h e  missile 
p r o p e l l a n t  t a n k  and t h e  u l l a g e  p r e s s u r e .  G r i f f i t h  (Ref 10) h a s  
shown t h a t  t h e  tendency  of a t u b e  t o  geyse r  i s  e s s e n t i a l l y  i n -  
dependent  of  t h e  p r e s s u r e  a t  t h e  t o p  o f  t h e  tube .  I n  h i s  i n v e s -  
t i g a t i o n ,  G r i f f i t h  conducted geyse r  t e s t s  on v a r i o u s  t u b e s  and 
f l u i d s  w i t h  t h e  p r e s s u r e  a t  t h e  t o p  o f  t h e  t u b e  r a n g i n g  from 1 
t o  2.5 a tmospheres .  H i s  conc lus ions  were t h a t  w h i l e  i n c r e a s i n g  
t h e  p r e s s u r e  r e t a r d s  t h e  bubble fo rma t ion  ra te ,  and consequen t ly  
t h e  geyse r  f requency ,  a geyse r  s t i l l  occur red .  S i n c e  t h i s  i n -  
vestigation i s  concerned  only w i t h  de t e rmin ing  i f  a t u b e  w i l l  o r  
w i l l  n o t  geyse r ,  and n o t  t h e  geyse r  f r equency ,  t h i s  c o r r e l a t i o n  
shou ld  a d e q u a t e l y  d e s c r i b e  t h e  combina t ions  o f  f l u i d  p r o p e r t i e s ,  
h e a t i n g  ra tes ,  and sys tem geometry t h a t  w i l l  produce geyse r ing .  

I n  t h e  c a s e  

The re  i s  no t h e o r e t i c a l  b a s i s  f o r  t h e  c o r r e l a t i o n  shown i n  
F ig .  12 .  The j u s t i f i c a t i o n  f o r  t h i s  method o f  d a t a  p r e s e n t a t i o n  
l i e s  i n  t h e  f a c t  t h a t  i t  adequa te ly  d e s c r i b e s  t h e  c o n d i t i o n s  t h a t  
produce g e y s e r i n g .  F igu re  1 2  s a t i s f i e s  t h e  o b j e c t i v e s  of  t h i s  
s t u d y  i n  t h a t  by means of  t h i s  c o r r e l a t i o n ,  g e y s e r i n g  can  be p re -  
d i c t e d .  
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The impor tance  o f  t h i s  c o r r e l a t i o n  i s  i t s  v a l u e  as a d e s i g n  
t o o l .  For i n s t a n c e ,  a p r o p e l l a n t  f e e d l i n e  f o r  a missile can  be 
des igned  i n  t h e  normal manner and t h e n  t h e  d e s i g n  checked w i t h  
t h i s  c o r r e l a t i o n  t o  de te rmine  i f  g e y s e r i n g  w i l l  occu r .  I f  t h e  
l i n e  w i l l  geyse r ,  i t  may then be p o s s i b l e  t o  p r e v e n t  g e y s e r i n g  
by a m o d i f i c a t i o n  i n  t h e  des ign .  

A t  t h e  beg inn ing  o f  t h e  expe r imen ta l  program, i t  w a s  a n t i c i -  
pa t ed  t h a t  t h e  t empera tu re  p r o f i l e s  i n  t h e  t u b e  would be  h e l p f u l  
i n  p r e d i c t i n g  geyse r ing .  Like  t h e  pho tograph ic  d a t a ,  d i f f i c u l t i e s  
a r o s e  i n  u n d e r s t a n d i n g  t h e  s i g n i f i c a n c e  o f  t h e  t empera tu re  pro-  
f i l e s  and consequen t ly  t h e s e  d a t a  were n o t  u s e d  i n  t h e  g e y s e r -  
nongeyser  c o r r e l a t i o n .  

F i g u r e s  13 t h r u  1 6  show t y p i c a l  f l u i d  t ime- t empera tu re  pro-  
f i l e s  a l o n g  t h e  geyser  tube  c e n t e r l i n e  d u r i n g  a geyse r  p e r i o d .  
A l l  t h e  t ime- tempera ture  da t a  o b t a i n e d  are p r e s e n t e d  i n  S e c t i o n  
Repor t  0560-64-15 "Data Report ,  F l u i d  Heatup Rates d u r i n g  Geyser 
Tests. 

The t e s t  numbers i d e n t i f i e d  on t h e  f i g u r e s  refer  t o  t h e  num- 
b e r s  i n  Tab le  2. Time ze ro  w a s  t a k e n  a t  t h e  comple t ion  o f  a gey- 
ser and t h e  d a t a  are  p l o t t e d  u n t i l  t h e  t i m e  o f  t h e  n e x t  geyser .  
The numbers a l o n g s i d e  each  c u r v e  r e f e r  t o  s p e c i f i c  l o c a t i o n s  a l o n g  
t h e  c e n t e r l i n e .  Number 1 is l o c a t e d  one f o o t  from t h e  bot tom o f  
t h e  h e a t e d  l e n g t h  and t h e  succeeding  numbers are  l o c a t e d  a t  one- 
f o o t  i n t e r v a l s  up  t h e  tube .  

B. PHASE I1 - GEYSER SUPPRESSION TESTS 

Fol lowing t h e  development o f  t h e  geyser -nongeyser  c o r r e l a t i o n  
approximate ly  1 1 / 2  months remained i n  t h e  program. Th i s  t i m e  was 
used  i n  b r i e f l y  examining some p o s s i b l e  geyse r  s u p p r e s s i o n  meth- 
ods .  The o b j e c t i v e  o f  t hese  t e s t s  w a s  t o  o b t a i n  a q u a l i t a t i v e  
e v a l u a t i o n  o f  t h e  f e a s i b i l i t y  o f  t h e s e  methods. 

1. Test D e s c r i p t i o n  

Four p o s s i b l e  methods of geyser  s u p p r e s s i o n  were t e s t e d :  

1 )  Heater a t  t h e  base o f  t h e  geyse r  t u b e ;  

2 )  H o r i z o n t a l  tube  a t  t h e  base  o f  t h e  geyser  t u b e ;  
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3 )  Nonuniform h e a t i n g  of t h e  g e y s e r  t u b e ;  

2 9  

4 )  C o n c e n t r i c  tube w i t h i n  t h e  geyse r  t u b e .  

The f i r s t  method was e v a l u a t e d  w i t h  g e y s e r  Tube B 6 - f t  l o n g ,  
u s i n g  water as t h e  t es t  f l u i d .  A nichrome h e a t e r  was mounted a t  
t h e  b a s e  of  t h e  geyse r  tube,  and t h e  r a d i a t i o n  h e a t i n g  sys t em w a s  
used t o  h e a t  t h e  geyse r  tube w a l l .  The b a s e  heater w a s  powered 
by means o f  a 1 1 0 - v o l t  v a r i a b l e  t r a n s f o r m e r  t ha t  p rov ided  a means 
o f  a d j u s t i n g  t h e  base  h e a t e r  power. Three  w a l l  h e a t  f l u x e s  (410, 

365,  and 315 B tu / f t  - h r ;  each heat f l u x  p r o v i d i n g  a g e y s e r i n g  con- 
d i t i o n )  were u s e d ,  and t h e  h e a t  f l u x  th rough  t h e  b a s e  h e a t e r  was 
v a r i e d  from abou t  50 t o  103% o f  t h e  t u b e  w a l l  h e a t  f l ux .  A t o t a l  
o f  9 t es t s  were conducted. 

2 

The second method was e v a l u a t e d  w i t h  t h e  same geyse r  t u b e ,  
b u t  l i q u i d  n i t r o g e n  was u t i l i z e d  as t h e  t es t  f l u i d .  The t u b e  w a s  
i n s u l a t e d  w i t h  1 / 2 - i n .  po lyu re thane  foam r e s u l t i n g  i n  a t u b e  w a l l  

h e a t  f l u x  o f  approx ima te ly  85 Btu / f t  - h r .  
d i ame te r  aluminum t u b e  w a s  a t t a c h e d  t o  t h e  b a s e  o f  t h e  geyse r  t u b e .  
T h i s  3 / 4 - i n .  t u b e  was l e f t  u n i n s u l a t e d  t o  promote bubb le  p r o d u c t i o n  
and t h e r e b y  i n c r e a s e  mixing i n  t h e  geyse r  t u b e .  A t o t a l  o f  3 tes ts  
were conducted u s i n g  3 / 4 - i n .  t u b e  l e n g t h s  o f  4 f t ,  2 f t ,  and 6 i n .  

2 A l e n g t h  o f  3 / 4 - i n .  

The i n s u l a t i o n  w a s  then removed from t h e  geyse r  t u b e  and 3 
a d d i t i o n a l  t e s t s  were conducted w i t h  l i q u i d  n i t r o g e n  and 3 / 4 - i n .  
t u b e  l e n g t h s  of 3,  8, and 24 i n .  

The t h i r d  method w a s  t o  a t t e m p t  t o  i n c r e a s e  f l u i d  c i r c u l a t i o n  
and t h e r e b y  s u p p r e s s  geyse r ing  by p roduc ing  b o i l i n g  i n s i d e  t h e  gey- 
ser t u b e  a t  a s i n g l e  p o i n t  on t h e  c i r c u m f e r e n c e  by means o f  a f i n  
on t h e  o u t s i d e  o f  t h e  geyser t ube .  Geyser Tube B y  6 f t  l o n g ,  was 
i n s u l a t e d  w i t h  1 / 4 - i n .  foam, and a 2 x 0.010-in.  aluminum f i n  was 
i n s t a l l e d  a l o n g  t h e  f u l l  l e n g t h  o f  t h e  t u b e .  The t e s t  f l u i d  u t i -  
l i z e d  w a s  l i q u i d  n i t r o g e n .  One t e s t  w a s  conduc ted  w i t h  t h i s  ap-  
p a r a t u s .  

The f i n a l  method o f  geyser s u p p r e s s i o n  i n v e s t i g a t e d  was t h e  
u s e  of a c o n c e n t r i c  t u b e  w i t h i n  t h e  g e y s e r  t u b e .  The i n t e n t  o f  
t h e  c o n c e n t r i c  t ube  w a s  t o  p r o v i d e  b o i l i n g  i n  t h e  annu lus  and 
t h e r e b y  r e d u c e  t h e  h e a t  f l u x  t o  t h e  f l u i d  i n  t h e  i n n e r  t u b e  and 
t o  s t i m u l a t e  c i r c u l a t i o n  from t h e  i n n e r  t u b e  th rough  t h e  annu lus .  
Geyser Tubes A ,  B, and D were u s e d  i n  t h e  i n v e s t i g a t i o n .  Water 
h e a t e d  by t h e  h e a t  l a m p  system w a s  used w i t h  Tube A and l i q u i d  
n i t r o g e n  w a s  u sed  w i t h  Tubes B and D. T a b l e  3 p r e s e n t s  a summary 
o f  t h e  tests conducted.  
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Table 3 Test Summary, Concentric Tube Geyser Suppression 

Geyser 
Tube 

Heated 
Length 
(ft) 

6 

7 
8 

6 112 
6 112 

12 

Heat 
Flux 

(Btu/f  t -hr ) 

-600 

-3 00 
-2 00 
-400 
-4 00 

- 85 - 85 

-700 

Conc en t r i c 
Tube Length 

(ft) 

6 
5 
4 
3 
2 
6 
5 
4 
3 
2 
2 
2 
3 
3 

3 
2 

10 

Annulus 
Width 
(in. ) 
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2. Geyser Suppres s ion  Test R e s u l t s  

Base H e a t i n g  - The suppres s ion  t e s t s  conducted  w i t h  a h e a t e r  
a t  t h e  b a s e  o f  t h e  geyse r  tube  i n d i c a t e d  that t h e  c o n v e c t i o n  proc-  
ess w i t h i n  t h e  t u b e  i s  d i f f e r e n t  t h a n  w i t h o u t  b a s e  h e a t i n g .  The 
base  h e a t i n g  r e s u l t e d  i n  an i n c r e a s e d  g e y s e r  p e r i o d ;  however, i n  
no case d i d  t h e  base  h e a t i n g  e l i m i n a t e  g e y s e r i n g .  Because t h e  
comple te  e l i m i n a t i o n  of  geyse r ing  w a s  n o t  p o s s i b l e ,  t h i s  method 
w a s  r e j e c t e d  as a p o s s i b l e  means o f  s u p p r e s s i n g  g e y s e r i n g .  

H o r i z o n t a l  Tube - The f i r s t  ser ies  of  tes ts  u s i n g  geyse r  Tube 
B 6 - f t  l o n g  and 1 / 2 - i n .  foam i n d i c a t e d  t h a t  t h i s  method may be 
f e a s i b l e .  Each of  t h e  t h r e e  3 /4 - in .  t u b e  l e n g t h s  t e s t e d  w a s  suc -  
c e s s f u l  i n  s u p p r e s s i n g  geyse r ing .  The second series o f  tests 
wi thou t  t h e  i n s u l a t i o n  r e s u l t e d  i n  g e y s e r i n g  independent  o f  t h e  
3 / 4 - i n .  t u b e  l e n g t h .  These r e s u l t s  show t h a t  t h e  method may o r  
may n o t  be  f e a s i b l e  and suppres s ing  g e y s e r i n g  depends on t h e  
s p e c i f i c  geyse r  t u b e  cond i t ions .  The pa rame te r s  i n v e s t i g a t e d  i n  
t h e s e  tes ts  were c e r t a i n l y  not  comple te  and a d d i t i o n a l  s t u d y  may 
prove t h i s  method t o  be d e s i r a b l e .  T h i s  method w a s  n o t  i n v e s t i -  
ga ted  f u r t h e r  because  i t  appeared t h a t  c o n s i d e r a b l y  more e f f o r t  
t h a n  was a v a i l a b l e  i n  t h e  program w a s  r e q u i r e d  t o  prove  t h e  f e a -  
s i b i l i t y .  

Concen t r a t ed  Heat Flux - The u s e  o f  a f i n  t o  c o n c e n t r a t e  t h e  
h e a t i n g  a t  one p o i n t  on t h e  c i r cumfe rence  of  t h e  geyser  t u b e  had 
no e f f e c t  on t h e  geyse r ing .  The geyse r  p e r i o d  and geyse r  v i o l e n c e  
w a s  t h e  same w i t h  o r  wi thout  t h e  f i n .  T h i s  method w a s  a l s o  d i s -  
ca rded  because  a g a i n  t h e  development e f f o r t  r e q u i r e d  seemed t o  
be i n  excess of  t h e  t i m e  a v a i l a b l e .  

C o n c e n t r i c  Tube - The c o n c e n t r i c  t u b e  w a s  e f f e c t i v e  i n  e l i m i -  
nati-ng peyser ing i n  Tlihe A with a heztec! 1efigth cf 6 ft u n t i l  t h e  
c o n c e n t r i c  t u b e  l e n g t h  was reduced t o  2 f t .  A t  t h i s  p o i n t ,  t h e  
t u b e  geysered .  The r e s u l t s  were t h e  same f o r  a n  annu lus  wid th  o f  
114- and 1 /2 - in .  Also t h e  r e s u l t s  were t h e  same when t h e  h e a t  

f l u x  w a s  reduced  from 400 t o  200 B t u / f t  - h r .  
h e a t e d  l e n g t h  was i n c r e a s e d  t o  8 f t ,  which provided  a geyse r  
l e n g t h  as de termined  from the  c o r r e l a t i o n  below t h e  c o n c e n t r i c  
t ube .  With a geyse r  l e n g t h  below t h e  c o n c e n t r i c  t u b e  g e y s e r i n g  
occur red ,  i n d i c a t i n g  t h e  c o n c e n t r i c  t u b e  had no  e f f e c t .  

2 
The geyse r  t u b e  

The tests w i t h  l i q u i d  n i t r o g e n  showed t h a t  f o r  a geyse r  t u b e  
o f  4 - in .  d i a m e t e r ,  t h e  c o n c e n t r i c  t u b e  would s u p p r e s s  g e y s e r i n g  
u n t i l  t h e  c o n c e n t r i c  t u b e  l eng th  was reduced  t o  2 f t .  
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The t e s t  on t h e  8- in . ,  1 2 - f t  l o n g  geyser  t u b e  w i t h  l i q u i d  n i -  
t r o g e n ,  showed t h a t  a c o n c e n t r i c  t u b e  o f  1 0 - f t  would n o t  s u p p r e s s  
g e y s e r i n g .  The r e s u l t  from t h e  8 - in .  t u b e  i s  i n c o n s i s t e n t  w i t h  
t h e  r e s u l t s  from t h e  4 - in .  t u b e s  showing t h a t  a s u i t a b l e  geyse r  
s u p p r e s s i o n  method was n o t  developed.  Again,  t h i s  method was n o t  
i n v e s t i g a t e d  f u r t h e r  because o f  l a c k  of t i m e .  

From a geyse r  suppres s ion  s t a n d p o i n t ,  t h e  c o n c e n t r i c  t u b e  
method seems t o  be  t h e  most promis ing  o f  a l l  t h e  methods s t u d -  
i e d .  Even t h i s  method, however, s t i l l  r e q u i r e s  a s u b s t a n t i a l  
e f f o r t  t o  deve lop  a workable system. 

32 
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IV, CONCLUSIONS 

A s a t i s f a c t o r y  c o r r e l a t i o n  h a s  been developed f o r  t h e  p r e -  
d i c t i o n  o f  g e y s e r i n g  i n  terms of h e a t i n g  r a t e ,  s y s t e m  geometry,  
and f l u i d  p r o p e r t i e s .  The c o r r e l a t i o n  was developed f o r  a r a n g e  
o f  v a r i a b l e s  encoun te red  i n  m i s s i l e  d e s i g n .  T h i s  c o r r e l a t i o n  c a n  
be used i n  t h e  d e s i g n  of  miss i le  s u c t i o n  l i n e s  t o  p r e v e n t  g e y s e r i n g  
o r  a s s i s t  in  e l i m i n a t i n g  g e y s e r i n g  i n  e x i s t i n g  s y s t e m s .  

None o f  t h e  g e y s e r  s u p p r e s s i o n  methods s t u d i e d  appea r  t o  be 
comple t e ly  s a t i s f a c t o r y .  Two o f  t h e  methods,  a h o r i z o n t a l  t u b e  
a t  t h e  g e y s e r  t ube  base and a c o n c e n t r i c  t u b e  i n  t h e  g e y s e r  t u b e ,  
were s u c c e s s f u l  under c e r t a i n  c o n d i t i o n s  o f  s u p p r e s s i n g  g e y s e r i n g  
and may p rove  u s e f u l  f o r  some s p e c i f i c  a p p l i c a t i o n s ,  

A d d i t i o n a l  work i s  r e q u i r e d  t o  e x t e n d  and g a i n  a b e t t e r  under-  
s t a n d i n g  of  t h e  h o r i z o n t a l  t u b e  and c o n c e n t r i c  t ube  methods o f  
s u p p r e s s i o n .  A d d i t i o n a l  h o r i z o n t a l  t u b e  d i a m e t e r s  and l e n g t h s  
shou ld  be  s t u d i e d .  Also,  a d d i t i o n a l  s t u d i e s  s h o u l d  be unde r t aken  
t o  u n d e r s t a n d  t h e  mechanism invo lved  i n  t h e  c o n c e n t r i c  t ube  method, 
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